. I n t r o d u c t i o n The i d e a t o pump a l a s e r by a r a p i d recomcombination o f expanding plasmas, some b i n a t i o n of e l e c t r o n s i n t o t h e h i g h l y exy i e l d i n g very promising r e s u l t s . (A more c i t e d e l e c t r o n i c s t a t e s of a n e u t r a l o r r e c e n t c o m p i l a t i o n may be found i n Ref. 6 ) . i o n i c s p e c i e s i s r a t h e r o l d . ' Meanwhile t h e Also many experiments have been performed mechanism o f many p u l s e d l a s e r s h a s been and t h e e x i s t e n c e o f p o p u l a t i o n i n v e r s i o n s e x p l a i n e d by t h i s p r o c e s s . The s u g g e s t i o n has been proven r e p e a t e d l y . But o n l y Campt o o p e r a t e a recombination l a s e r by exp l o i t i n g t h e r a p i d c o o l i n g r a t e s , and hence
recombination r a t e s , i n a s u p e r s o n i c plasma expansion flow has been made n e a r l y a s long Though b a s i n g on a d i f f e r e n t physic a l p r i n c i p l e , i t has always been tempting t o r e g a r d such a plasmadynamic l a s e r a s t h e n a t u r a l e x t e n s i o n o f t h e powerful i n f r a r e d gasdynamic l a s e r s i n t o t h e v i s i b l e o r even u l t r a v i o l e t wavelength r e g i o n . S i n c e recomb i n a t i o n i s a g e n e r a l p h y s i c a l mechanism t o p r e f e r e n t i a l l y p o p u l a t e high l y i n g e l e ct r o n i c l e v e l s , t h e method should be a p p l ic a b l e t o pump l a s e r t r a n s i t i o n s i n almost any i o n i z a b l e element o r molecule and t h u s open a wide spectrum o f l a s e r wavelengths.
Reviews and more d e t a i l e d d i s c u s s i o n s may
b e found i n Refs. 4 and 5. Q u i t e a few t h eo r e t i c a l models have been developed t o desc r i b e t h e p o p u l a t i o n dynamics by t h e r eb e l l e t a l . ' have been a b l e t o a c t u a l l y dem o n s t r a t e 1 m s l a s e r a c t i o n i n a n argpn plasma, expanded from a p u l s e d MPD a r c s o u r c e . However, i n an a t t e q p t by Hoffmann and ~i i~e l~ t o extend t h e s e r e s u l t s t o cw o p e r a t i o n a t e q u a l plasma parameters abs o r p t i o n was found i n t h e l a s e r t r a n s it i o n s . Today i t i s n o t known which s t e a d y s t a t e p r o c e s s e s p r e v e n t t h e recombination l a s e r a c t i o n dnd t o what e x t e n t e x i s t i n g models do n o t d e s c r i b e t h e r e a l p h y s i c s a c c u r a t e l y enough.
I n t h i s paper a f u r t h e r t h e o r e t i c a l model i s d e s c r i b e d and some c a l c u l a t e d r e s u l t s a r e p r e s e n t e d f o r a n i t r o g e n plasma a s a p o t e n t i a l l a s e r c a n d i d a t e . The model consists o f two main p a r t s t o compute t h e r ecombination and e x c i t a t i o n k i n e t i c s simult a n e o u s l y w i t h t h e gasdynamics a l o n g t h e 
i s o b t a i n e d t h r e e Zp3 ground s t a t e s t h e t r a n s i t i o n proi n t h e s u c c e s s i v e c o u r s e of i t e r a t i o n s . b a b i l i t i e s a r e t a k e n from Smith, e t . a l . 13
The c a l c u l a t i o n i s s t a r t e d w i t h a s t e a d y The p o p u l a t i o n d e n s i t y ni o f e v e r y energy s t a t e s o l u t i o n of a l l c o n s e r v a t i o n equal e v e l h i g h e r t h a n t h o s e o f t h e ground t i o n s a t t h e p o i n t of s i n g u l a r i t y , i . e . a t s t a t e s i s computed from t h e a l g e b r a i c syst h e t h r o a t o f t h e n o z z l e . E q u a l i t y of e l e ctem o f t h e s t e a d y s t a t e r a t e e q u a t i o n s t r o n -and heavy p a r t i c l e t e m p e r a t u r e i s a s -(Ai = 0).
Because of t h e s h o r t c h a r a c t e rsumed a t t h i s p o i n t , b u t i s n o t mandatory. i s t i c times o f t h e l e v e l s t o a c q u i r e t h e The c a l c u l a t i o n i s performed up t o an a rs t e a d y s t a t e v a l u e s t h i s approximation b i t r a r y Mach number, t y p i c a l l y o f t h e o r d e r p r o v e s t o be j u s t i f i e d everywhere i n t h e o f 5 t o 6 , w i t h t h e d i s t a n c e from t h e expansion, e x c e p t f o r t h e v e r y f i r s t s t e p s t h r o a t , x , b e i n g t h e independent v a r i a b l e . of computation. T h i s i s n o t t h e c a s e f o r 2.2 E x c i t a t i o n k i n e t i c s A s t h e element o f i n v e s t i g a t i o n r e p o r t e d h e r e i n atomic n i t r o g e n has been chosen, b u t o t h e r elements l i k e carbon, oxygen e t c .
have been o r may be computed a s w e l l . 38 l e v e l s f o r e l e c t r o n i c e x c i t a t i o n a r e cons i d e r e d i n t h e model, o u t o f which 24 a r e t r e a t e d i n s e p a r a t e e q u a t i o n s . The k i n e t i c of recombination i s t r e a t e d by t h e c o l l is o n a l -r a d i a t i v e decay mechanism, o r i g i n a l l y 11 i n t r o d u c e d by S a t e s e t . a l .
: The r a t e e q u a t i o n s a c c o u n t f o r two and t h r e e body recombination ( i o n i z a t i o n ) i n t o a n a r b it r a r y l e v e l i , r a d i a t i v e d e e x c i t a t i o n , and t r a n s i t i o n s induced by e l e c t r o n c o l l i s i o n s .
Re-absorption of resonance r a d i a t i o n i s t h e t h r e e ground s t a t e s w i t h e n e r g i e s of 2 0,eV ( 4~) , 2.38 eV ( 2~) and 3.75 eV ( P).
The number d e n s i t i e s o f t h e s e l e v e l s n l , n 2 , n3, t o g e t h e r w i t h t h e number d e n s i t y
and t e m p e r a t u r e o f t h e e l e c t r o n s , ne and T , , e n t e r t h e system of r a t e e q u a t i o n s a s t h e primary, independent v a r i a b l e s .
The system c a n be s o l v e d a s a s e p a r a t e u n i t t o compute regimes of p o s s i b l e i n v e r s i o n s i n f u l l g e n e r a l i t y o r , more i n t e r e s t i n g l y , f u l l y coupled t o t h e i n t e g r a t i o n of t h e flow e q u a t i o n s . I n t h e l a t t e r c a s e l e v e l
s i gn a l g a i n . t a k e n i n t o account by m u l t i p l y i n g t h e spontaneous t r a n s i t i o n p r o b a b i l i t i e s w i t h an F i g . 1 shows a s e c t i o n of t h e G r o t r i a n d iescape p r o b a b i l i t y f a c t o r f o r t h e agram the nitrogen d u b l e t w i t h t r a n s ic a l c u l a t e d from t h e l o c a l o p t i c a l t h i c k n e s s . tions expected to significant
s i g n a l g a i n a t wavelengths r a n g i n g from P r o b a b i l i t i e s f o r recombination t r a n s i t i o n s 0.86 um t o 1.36 pm. I n f a c t , from p u l s e d and t r a n s i t i o n s due t o e l e c t r o n c o l l i s i o n s experiments t h e s e t r a n s i t i o n s a r e known a r e c a l c u l a t e d u s i n g formulae given by a s l a s e r l i n e s a l r e a d y . 1 Fig.1 Section of the electronic level structure of dublett nitrogen with laser transitions indicated.
S i m i l a r t r a n s iDrawin f o r hydrogen12, modified w i t h t h e t i o n s e x i s t i n t h e q u a r t e t a l s o . s p e c t r o s c o p i c d a t a f o r n i t r o g e n . For t h e

Numerical results
Calculations were performed for a plane,
sharp-edge nozzle with 1 mm throat height.
The parameter range for the stagnation temperature and pressure of the starting conditions were 13 333 " To" 24 000 K and Fig.4 Ranges o f s m a l l s i g n a l g a i n f o r t h e 3 p~-3 s~ transition (steady state apmaximum r a t h e r a b r u p t l 
Fig. 5 Change o f s t a t e of t h e e l e c t r o n s d u r i n g expansion. examples o f t h e ensuing a x i a l g a i n d i s t r i b ut i o n a l o n g t h e flow d i r e c t i o n a r e d i s p l a y e d i n F i g s . 6 and 7. Depending on t h e p r e s s u r e , t h e g a i n t e n d s t o appear and a t t a i n i t s
y and t h e n t o f a d e proximation f o r l e v e l s i > l ) . away a s t h e g a s t h i n s o u t i n t h e c o n t i n
9,
0.5
They r e f l e c t t h e n e c e s s i t y t o a c h i e v e si- 
s a t t h e s t a r t i n g p o i n t . t h e e l e c t r o n energy t o t h a t of t h e heavy
I p a r t i c l e s . Depending on t h e s t a r t i n g condit i o n s , Te f o l l o w s indeed t h e s t a t i c flow t e m p e r a t u r e w i t h i n a few hundred t o f i f t e e n hundred Kelvin. Fig. 5 though, a f u r t h e r expansion of t h e g a s mately 0.6 m -I -A s e x p e c t e d , .other t r a n s iseems n o t a p p r o p r i a t e a f t e r t h e maximum o f t i o n s e x h i b i t g a i n a s w e l l and w i t h t h e g a i n i s reached. The g a i n r e g i o n i s s h i f t e d same g e n e r a l behavior. However, t h e paradownstream a s t h e p r e s s u r e i s r a i s e d , w h i l e meter range, f o r more t h a n 0 . 1 m-' i s nart h e g a i n maximum r i s e s w i t h i n c r e a s i n g temrower and t h e r e g i o n s a r e somewhat s h i f t e d what s m a l l e r e l e c t r o n t e m p e r a t u r e a t comp a r a t i v l y h i g h e r e l e c t r o n d e n s i t i e s , and hence a d e e p e r p e n e t r a t i o n i n t o t h e i n v e rs i o n regime o c c u r s .
d e m o n s t r a t e s , t h a t f o r a l l t h e s t a r t i n g c o n d i t i o n s under cons i d e r a t i o n t h e s t a t e v a r i a b l e s o f t h e
The maximum small s i g n a l g a i n f o r t h i s p a t r t i c u l a r t r a n s i t i o n amounts t o approxi- e l e c t r o n t e m p e r a t u r e 5300 K and 6000 K , r e s p .
I n o r d e r t o check f o r a p o s s i b l e i n f l u e n c e o f t h e e l e c t r o n h e a t conduction on t h e e l e c t r o n temperature, s e v e r a l t e s t r u n s have been performed w i t h t h e i n c l u s i o n of a n a p p r o p r i a t e t e r m i n t h e e l e c t r o n energy e q u a t i o n . The r e s u l t i s e x p r e s s e d i n Fig.9 a s t h e i n c r e a s e o f e l e c t r o n t e m p e r a t u r e
00
A Te r KI LOO Fig. 9 Local t e m p e r a t u r e r i s e o f , t h e e l e ct r o n s d u e t o t h e e f f e c t o f e l e c t r o n h e a t conduction a l o n g t h e flow d i r e ct i o n .
above t h e v a l u e calculated w i t h o u t t h i s term. I t i s s e e n t h a t t h e e f f e c t becomes n o t i c a b l e o n l y w i t h i n t h e v e r y f i r s t moments o f t h e expansion and has dropped t o about 1 % after 2 mm. Since this occurs well before the gain attains its maximum, the effect will be little, if present at all. In fact, because of the reduced recombination rate at the higher electron temperature the electron state distribution along the flow direction remains very nearly unchanged.
Experiment
An effort has been made to verify the results in an experiment and to achieve laser 
